ABSTRACT: Autophagy, a highly conserved self-degradation process that occurs under both physiological and pathological conditions, provides the raw material and energy for cell regeneration under normal circumstances. Dysregulated autophagy under diseased conditions may cause protein accumulation, organelle dysfunction, and even cell death. Recent studies have shown that autophagy regulates the structural integrity and physiological functions of retinal photoreceptor cells and contributes to the pathogenesis of retinopathies such as retinal detachment, age-related macular degeneration, retinitis pigmentosa, and Leber's congenital amaurosis. In this review, we discuss the role of autophagy in photoreceptor cell survival and death in retinal physiology and diseases, and suggest the possibility that autophagy-targeting therapy may be a new strategy for retinal diseases marked by photoreceptor cell death.
I. INTRODUCTION
Cell function and homeostasis depend on continuous replenishment of proteins and organelles. By accurately regulating protein synthesis and degradation, cells not only rapidly respond to an everchanging environment but also avoid potential toxicity from damaged cell components. The lysosome is the organelle that cleans up intracellular debris, and autophagy is a strictly regulated degradation process that occurs within it. 1 Damaged, aged, or degenerated cells, organelles, and macromolecules are degraded by autophagy in the lysosome; the degraded components are then recycled for cell regeneration and cell component renewal. On the other hand, deficient or excessive activation of autophagy may cause the accumulation of abnormal proteins or the dysfunction of important organelles and eventually cell death. Autophagy thus has the dual characteristic of promoting both cell survival and cell death. 2 As the most abundant cell type in the retina, photoreceptors are composed of rods and cones. The rods are active in the dark and responsible for scotopic vision; the cones are activated under illumination and generate photopic vision. 3 The structural integrity of a photoreceptor cell is crucial for maintaining its physiological functioning. The structure of photoreceptor cell includes the outer segment, the inner segment, the cell body, and the synaptic terminals. The outer segment contains the laminated plate-like structures known as discs, which are wrapped by the protruded pseudopodia of retinal pigmented epithelia (RPE). The discs are constantly undergoing shedding and renewal. The shed discs are engulfed and hydrolyzed by the RPE cells, in a process whereby photoreceptor health and functioning are maintained.
As their name indicates, photoreceptors sense light. A light signal initially induces a chain of photochemical reactions in these cells; it is then relayed to the second-order neurons in the retina through synaptic connections, where it is converted into action potentials in the retinal ganglion cells. The action potentials are transmitted to the visual cortex and contribute to visual formation. Structural damage and functional deficiency in photoreceptors under diseased conditions may lead to impairment or even loss of vision. 4 Studies have recently shown that autophagy is involved in a series of photoreceptor activities, such as outer segment disc renewal, 5 rhodopsin level maintenance, 6 visual cycle formation, 5 and photoreceptor apoptosis. 7, 8 These studies suggest that autophagy regulates the behavior of photoreceptors and hence influences their survival and death. Further understanding of the mechanisms by which autophagy affects photoreceptor survival and death will facilitate the search for potential therapeutic targets for photoreceptor-related eye diseases.
II. CLASSIFICATION AND GENERAL PROCESS OF AUTOPHAGY
Autophagy can be categorized into three types according to the route by which cellular materials are transferred to the lysosome for degradation:
• In macroautophagy, cellular materials are transferred to the lysosome in vesicles. This form of autophagy is used by the cell to degrade aged or damaged organelles and proteins.
• In microautophagy, cellular materials are phagocytosed and degraded directly by the lysosome.
• In chaperone-mediated autophagy (CMA), soluble proteins in the cell enter the lysosome with the aid of molecular chaperones and are directly degraded by the organelle. 9 Macroautophagy, the most extensively studied type, is the one discussed in this article and is hereafter referred to as autophagy. 10 During the initiation of autophagy, associated proteins are sequestered by a cup-shaped membrane (phagophore), which is called the preautophagosomal structure (PAS) in yeast and the phagophore assembly site in mammalian cells. The phagophore is stretched to engulf the aged or damaged organelles and unused proteins, forming a closed double-membrane structure termed the autophagosome. The autophagosome approaches the lysosome by moving along the microtubules. Its outer membrane fuses with the lysosome membrane and its inner membrane and its contents are decanted into the lysosome. The lysosome then discharges lysosomal granules and proteolytic enzymes for degrading the autophagosome. Some degradation products are recycled as essential ingredients for cell survival.
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III. REGULATION OF AUTOPHAGY
A. Regulation of AutophagyAssociated Genes
So far, more than 30 autophagy-associated genes (Atgs) have been discovered in yeast, and most of their orthologs have been found in the higher eukaryotes. 11 The Atg proteins are divided into four groups based on their functions:
• The Atg1/ULK kinase complex. The Unc-51-like kinases 1 and 2 (ULK1/2) are mammalian homologs of Atg1. This complex in mammals recruits the mammalian homologs of Atg proteins (mAtg), such as mAtg13, FIP200, and mAtg101, and promotes the formation of autophagosomes through phosphorylation of complex components and Atg9.
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• The protein Atg9 is the only known Atg transmembrane protein; it is thought to transport membranes from mitochondria to the PAS in yeast or from the trans-Golgi network and late endosome to the phagophore assembly site in the higher eukaryotes.
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• The phosphatidylinositol 3 kinase complex (PI3K3C) is composed of Atg6/Beclin1, Atg14/ Atg14L, PI3K3C, and the UV radiation resistance-associated gene (UVRAG). It generates phosphatidylinositol 3-phosphate, which in turn assists in the recruitment of Atg18, Atg20, Atg21, and Atg24 to the phagophore assembly site for autophagosome formation. 4, 13 • The Atg8 and Atg12 conjugation systems are responsible for stretching the phagophore. In the Atg8/LC3 conjugation system, LC3
is the mammalian homolog of Atg8 and the only protein on the inner membrane of the autophagosome. 14, 15 During autophagy, Atg4 cleaves LC3 into cytosolic LC3-I, which binds to phosphatide ethanolamine to form the membrane-bound LC3-II. LC3-II is subsequently recruited to the autophagosomal membrane after incorporating Atg12 and Atg5 in a process that is crucial to autophagosome completion.
16 LC3-II is considered the autophagosomal marker in mammals. 15 In general, aberrant Atg expression may result in defective autophagy; thus, a common way to inhibit autophagy is to silence or eliminate these genes.
B. Regulation of the mTOR Signaling Pathway
The mammalian target of rapamycin (mTOR), a member of the phosphatidylinositol 3 kinase (PI3K) family, is the key negative regulator of autophagy. The PI3K-mTORC1 pathway is located upstream of the Atgs, and under nutrient-rich conditions it inhibits autophagy by two mechanisms. In one, PI3K-mTORC1 regulates the expression of almost all known Atgs; in the other, mTORC1 phosphorylates and inhibits the activity of Atg1 or ULK1/2, the protein kinase crucial for the initial step of autophagosome formation. 17 A stress condition, such as nutrient deficiency or hypoxia, leads to inactivation of mTORC1, relieving its suppressive effect on autophagy.
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C. Regulation of Beclin 1
Beclin 1, the mammalian homolog of Atg6, positively regulates autophagy by integrating into the PI3K3C complex and interacting with a variety of proteins, including mammalian homologs of Vps34 and UVRAG. 17 It can also regulate autophagy by binding to the antiapoptotic protein Bcl-2 through its BH3 domain. 19 In fact, Beclin 1 and Bcl-2 serve as nutritional sensors of the environment. In a nutrient-rich environment, for example, JNK1-mediated phosphorylation of Bcl-2, 20 DAPK-mediated phosphorylation of Beclin 1, 21 and activation of BH3-domain-containing proteins all promote interactions between Bcl-2 and Beclin 1, thus inhibiting autophagy. In a harsh environment, such as serum starvation, the interaction between Beclin 1 and Bcl-2 is reduced, leading to increased autophagic activities.
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IV. FUNCTION OF AUTOPHAGY
Autophagy occurs within a relatively short period (half-life 8 min), suggesting that it functions as a rapid response to environmental changes and to the metabolic state of the cell. First, it acts as an adaptive response to deleterious external stimuli, such as nutrient deficiency, low oxygen, oxidative stress, and infections. The amino acids, free fatty acids, and nucleotides produced by autophagy are recycled for the next round of anabolism. Second, it regulates the clearance of aggregate-prone proteins, metabolites, and excessive peroxides as well as the replenishment of organelles, acting as a "housekeeper" to maintain metabolic homeostasis within the cell. Finally, it participates in the fusion of specific tissues and prevents cell damage by actively inducing programmed cell death. 
V. AUTOPHAGY IN PHOTORECEPTOR CELL DEATH AND SURVIVAL
Reme et al. 23 discovered the autophagy of photoreceptor cells in the retina in 1977. They proposed that it might be involved in the degradation of organelles and proteins under normal circumstances, maintaining cell survival and homeostasis . However, in-depth study since 1977 has established a growing body of evidence to suggest that autophagy has dual roles in promoting both survival and death of photoreceptor cells. 
Autophagy Maintains Homeostasis and Survival of Photoreceptor Cells
Under physiological conditions, autophagy maintains photoreceptor cell homeostasis and pro-motes the visual cycle by regulating rhodopsin levels 6 and digesting photoreceptor outer-segment discs. 5 Under pathological conditions, however, autophagy is enhanced as a protective mechanism, whereas chemical or gene manipulations that inhibit it promote photoreceptor apoptosis. For instance, in a mouse model of light-induced photoreceptor damage, Kunchithapautham et al. 25 found that more than 50% of rods were dead following constant illumination for 10 days but that their numbers and functioning were restored in mice systemically administered rapamycin, an autophagy activator. This suggests that autophagy has protective effects on rod photoreceptors under constant illumination. In addition, Besirli et al. 26 reported that retinal detachment (RD) caused by subretinal injection of hyaluronic acid induced a Fas-dependent activation of autophagy as well as up-regulated expression of Atg5 and autophagosome-associated lysosomal proteases. Conversely, autophagy inhibitor 3-methyladenine (3-MA) or siRNA against Atg5 resulted in a decrease in autophagic activity and a concomitant increase in apoptotic photoreceptor cells.
Autophagy-Related Genes Are Closely Related to Photoreceptor Cell Survival
Autophagy is dependent on and constantly regulated by Atg-encoded proteins, ; therefore, the deletion or mutation of any of these genes may lead to abnormal autophagic activity. 27 Midorikawa et al. 28 reported that when Atg7 or Atg8 was knocked down in Drosophila photoreceptor cells, the rhodopsin protein accumulated as the sensitivity of these cells to light-induced degeneration increased. However, silencing the expression of Atg5 and Beclin 1, the two genes required for autophagy, in a mouse photoreceptor-derived 661W cell line reduced autophagic activity and partially blocked cell death under oxidative stress. 29 These studies suggest that normal Atg expression is necessary for autophagy, which either resists or participates in photoreceptor cell death under discrete stress conditions.
B. Role of Autophagy in Photoreceptor Cell Death
Both Excessive and Deficient Autophagy Can Cause Photoreceptor Cell Death
In one study, autophagy marker LC3-II levels and apoptotic cell numbers increased in 661W cells when exposed to H2O2 but cell death decreased after application of the autophagy inhibitor 3-MA or after Atg knockdown. 29 In another study a close relationship was found between excessive autophagy and retinal toxicity caused by tamoxifen (TAM), a widely used anticancer medicine. Researchers found that incubation of 661W cells with TAM significantly increased both autophagy marker LC3-II levels and cell apoptosis, but this trend was reversed when 3-MA and BafA1 were applied respectively to block autophagy initiation and completion. 30 A conclusion might be that excessive autophagy induced by oxidative stress or a chemical agent contributes to photoreceptor cell death. In 661W cells cultured with low-glucose media, however, the expression of LAMP2α, a lysosomal protein required for the fusion of lysosomes with autophagosomes, decreased, impairing formation of autophagosomes/lysosomes, which in turn caused autophagic defects and concomitant activation of proapoptotic factors. In addition, specific autophagic inhibitor 3-MA-and siRNA-mediated Atg down-regulation led to increased photoreceptor apoptosis. 31 These results indicate that deficient autophagy caused by lack of nutrients can also lead to photoreceptor cell death.
Autophagic Death can be a form of Photoreceptor Cell Death Other Than Apoptosis
It is generally believed that photoreceptor cell death occurs mostly in the form of apoptosis, especially caspase-induced apoptosis. However, Kunchithapautham et al. 29 found that formation of autophagosomes significantly increased when the pan-caspase inhibitor zVAD FMK was applied to a 661W photoreceptor cell line exposed to H2O2; treatment of these cells with the autophagic inhibitor 3-MA reduced activity of caspase-3, the ultimate executor of apoptosis. It is suggested, based on this finding, that autophagy is located upstream and may even initiate apoptosis. Moreover, Yu et al. 32 detected abnormally accumulated reactive oxygen species (ROS) in cells treated with the caspase inhibitor zVAD which caused membrane lipid peroxidation, plasma membrane damage, and autophagic cell death. These researchers effectively prevented ROS accumulation and cell death with chemical autophagy inhibitors or siRNA-mediated silencing of Atg7 and Atg8. The studies by Kunchithapautham and Yu show that multiple death-associated mechanisms exist in the cell and that autophagy may serve as an alternative pathway leading to cell demise when apoptosis is blocked. 
VI. AUTOPHAGY AND PHOTORECEPTOR-RELATED EYE DISEASES
A. Autophagy and Retinal Detachment
Retinal detachment (RD) is the separation of the retinal neural epithelium from the RPE. At present, ocular surgery is the primary solution for reattachment of the retina; unfortunately, however, in not all cases can vision be recovered. Evidence from basic and clinical studies suggests a close relationship between vision loss following RD and photoreceptor cell death. 33 Zacks et al. 34 proposed that, although photoreceptors lose their only source of nutrition after RD and are prone to apoptosis, autophagy and other antiapoptotic mechanisms are activated to protect them. It was demonstrated that Atg-5 and LC3-II expression started to increase at one day and peaked at three days following RD; however, it decreased at seven days, after which a significant amount of apoptotic photoreceptors were detected. Moreover, the expression level of calpain-1 was elevated to a peak at seven days after RD, indicating a potential regulatory relationship between calpain-1 and autophagy. Administration of a calpain inhibitor resulted in the up-regulated expression of Atg-5 and LC3-II as well as reduced numbers of apoptotic photoreceptors. These results suggest a pathogenic model of RD wherein autophagy is activated to antagonize apoptosis in the early phase following RD but, with elevated calpain-1 activity gradually inhibiting autophagy, the balance between pro-and antiapoptotic mechanisms starts to tilt. Apoptosis eventually becomes dominant in most photoreceptors at seven days after RD. 34 This model is supported by clinical observations that RD patients' vision can be restored if surgery is performed within seven days after detachment. However, if the RD lasts longer than seven days, post-operational vision is compromised despite reattachment, 35 which suggests a critical time window for effective RD treatment .
B. Autophagy and Age-Related Macular Degeneration
Age-related macular degeneration (AMD) is the leading cause of blindness in the elderly in western countries. Approximately 170 million people are afflicted with AMD worldwide, and that number is expected to reach 288 million by 2040. 36 It is believed that vision loss in AMD patients is mainly due to photoreceptor damage caused by progressive degeneration of RPE cells. 37 Moreover, studies have shown that the formation of drusen, the hallmark and risk factor of dry AMD, may be caused by increased exosome secretion from the RPE cells and decreased autophagy activity in them. 38 Indeed, Klettner et al. 39 found that autophagy dysfunction leads to accumulation of lipofuscin and abnormal proteins in the eye, which activates inflammasomes, accelerates cell senescence, and exacerbates AMD phenotypes. This suggests that autophagy might be a potential target for AMD treatment. It bears noting, however, that autophagy acts as a "garbage scavenger" in almost all cell types, and either excessive or deficient autophagy can cause cell dysfunction. For this reason, precise control over cell type specificity and extent of activation should be exercised before autophagytargeting therapy is implemented. and the downstream phototransduction cascades are constitutively activated, eventually leading to photoreceptor cell death. 45, 46 Metrailler et al. 47 observed induction of the Bcl-2/Bax-related pathway and up-regulation of autophagic makers, including CMA substrate receptor LAMP-2, lysozyme, and lysosomal hydrolase Cathepsin S, during early apoptotic events in the Rpe65
-/-mouse model. They proposed that lysosomal-mediated autophagy might be a pro-survival mechanism in response to early rod apoptosis in Rpe65-LCA disease and that the fate of photoreceptor cells depends on the interaction of the Bax-induced apoptotic pathway and the lysosomal-mediated autophagic pathway. In inherited retinal degeneration such as LCA2, then, it is the interplay of the survival and death pathways that decides the survival and death of photoreceptor cells. Given this, inhibiting the death pathways and promoting the survival pathways would be beneficial in the treatment of this photoreceptor-related eye disease.
VII. SUMMARY AND FUTURE DIRECTIONS
Understanding the molecular and cellular mechanisms whereby autophagy regulates photoreceptor cell survival and death will facilitate the search for effective interventions in photoreceptor-related retinopathy. Based on the studies discussed in this review, a model is proposed for the dual function of autophagy in retinal photoreceptor cells under discrete conditions. Autophagy and apoptosis are interacting and equilibrating events in a cell under physiological conditions (Fig. 1) . They assist the cell in maintaining homeostasis and in responding to environmental changes. 1 However, under stress, especially in its early stages, Fas-dependent autophagy is activated and its negative regulators, such as the PI3K-mTOR pathway, are suppressed (Fig. 1.) . 18, 48 Then Atg expression is up-regulated and the autophagic cascades are activated and become dominant (Fig. 1) . 18, 48 It should be mentioned that Fas-dependent apoptosis is also activated at the early stage of stress but only at a low level because of its inhibition by autophagic activity (Fig.  1) . 49 However, if the stress is prolonged, inhibitors
C. Autophagy and Retinitis Pigmentosa
Retinitis pigmentosa (RP), also called retinal pigment degeneration, is genetically heterogeneous inherited condition. Mutations in more than 50 genes have been identified, most of which are located in the rod photoreceptors. 40 Clinically, RP is characterized by night blindness and a dwindling visual field caused by progressive degeneration of the rod photoreceptors and consequent cone photoreceptor cell death. 41 Punzo et al. 42 used four RP models with mutations in rod-specific genes (PDE-β −/− , PDE-γ-KO, Rho-KO, and P23H). They found that increased autophagic activity during the period of cone death correlates with changes in the insulin/mTOR pathway, a key regulator of cellular metabolism. The researchers proposed that rod death may reduce the nutrient supply to cones and that long-term cone starvation activates the apoptotic and insulin/mTOR-mediated autophagic pathway, eventually resulting in cone death. Punzo et al. 42 also found that systemic administration of insulin activates the insulin/mTOR autophagic pathway and prolongs cone survival. Thus, treatments aimed at improving the nutritional supply and activating autophagic pathways might be a new therapeutic option for preserving residual cones in RP.
D. Autophagy and Leber's Congenital Amaurosis
Leber's congenital amaurosis (LCA) is a form of genetically heterogeneous inherited retinal degeneration that occurs at or soon after birth. Most patients lose binocular visual acuity at birth or one year as a result of severely impaired photoreceptor function. 43 Currently, 11 LCA types have been identified that correspond to mutations at different genes. More than 10% of LCA patients belong to type LCA2, which bears mutations in the Rpe65 gene. The Rpe65 gene encodes a 65-kDa isomerohydrolase that is essential for synthesis of opsin chromophore and is expressed specifically in RPE cells. 44 In LCA2, photoreceptor cells lack functional rhodopsin whereas the unliganded opsin such as calpain-1 are activated and gradually suppress autophagy, 50 leading to one of three possible outcomes. In the majority of cases, autophagy and apoptosis achieve a new equilibrium through cross-talk at multiple levels, causing the cell to survive and adapt to the environment. 29 However, if the detrimental stimuli continue, the cell enters the middle or late stage of stress, and in this case large amounts of ROS accumulate, 32 52 and calpain1, 50 are activated, and apoptosis prevails. . Then most cells die from apoptosis, with a few dying from necrosis as a result of ATP depletion. 53 Under exceptional circumstances, such as intense oxidative stress 53 and TAM-induced retinal toxicity, 30 autophagy is massively activated, the anti-autophagic and pro-apoptotic mechanisms are not sufficient to overcome it,
FIG. 1:
Interplay between autophagy and apoptosis at different stages of stress in photoreceptor cells. Cellular stress is divided into two stages: early and middle and late. During the early stage, the binding of Fas, a transmembrane protein, with its ligand (FasL) initiates the signaling pathways of apoptosis (purple line) and autophagy (blue line). mTOR is one of the key negative regulators of Atgs. Its inactivation during early stress de-represses Atg activities (brown line). In addition, calpains, a family of Ca 2+ -dependent cysteine proteases, are activated under stress, triggering cleavage and inactivation of Atg5. ROSs are constantly produced by metabolism but largely accumulated in the middle or late stage of stress. The accumulated ROSs lead to dysregulation of intracellular Ca 2+ concentration, which induces hyperpermeability of mitochondria and release of cytochrome c (green line). The cytochrome c, in addition to the ROS per se, leads to enhanced caspase activities and apoptosis (purple line). Alternatively, the ROSs activate P53, resulting in mitochondria dysfunction, ATP depletion, and necrosis through multiple pathways, including Bax/Bcl-2 (black line). Under extreme circumstances, large amounts of ROS directly cause autophagic cell death (orange line).
and cells undergo autophagic death directly.
Because autophagy carries out its anti-apoptotic function mainly in the early stage of stress, properly boosting autophagic activities in photoreceptor and RPE cells in the early stage of photoreceptor-related retinopathies may enhance survival and inhibit photoreceptor cell apoptosis 50, 54 as well as extend the time window for effective treatments.
